In this work, coarse-grained atomistic simulations via the concurrent atomistic-continuum (CAC) method
INTRODUCTION
Extrinsic size effects in metals due to dimensional constraints significantly influence mechanical properties of materials, especially so at the nano and micronscales (Greer et al., 2009; Hammami and Kulkarni, 2014) . Examples include small-sized pillars that, distinguished by their diameter D, can be classified into nanopillars (D ≤ 100 nm), submicropillars (100 nm < D ≤ 1µm), and micropillars (D > 1 µm). Plastic deformation of pillars has been extensively studied using experimental (Brinckmann et al., 2008) and modeling (Weinberger and Cai, 2008 ) approaches, with a focus on the yield/flow stress as a function of the pillar diameter, height-to-diameter aspect ratio, cross-sectional shape, strain rate, temperature, lattice orientations, boundary conditions, etc., in a wide range of metallic materials. For example, the discrete dislocation dynamics (DDD) method, which assumes the motion of dislocations as the only carrier of plasticity, has been applied to simulating nanopillars (Papanikolaou et al., 2017) , submicropillars (Cui et al., 2017) , and micropillars (El-Awady, 2015) . However, besides dislocation slip, processes such as twinning and phase transformation have also been identified as possible plastic deformation mechanisms in nano-/micropillars (Greer and De Hosson, 2011) in both face-centered cubic (FCC) and body-centered cubic (BCC) metallic systems. Even in the same material, the specific dominating mechanism depends on a number of geometric factors and/or loading conditions. Take the BCC Fe nanopillar as an example, Sainath and Choudhary (2016) found that the 100 -and 110 -oriented nanopillars respectively deform by twinning and dislocation slip under tension, while deform by dislocation slip and twinning, respectively, under compression. In addition, in DDD simulations, the pillar surface must acquire pre-existing dislocation sources, from which dislocations are multiplied. Thus, DDD is limited to cases in which dislocation slip is the dominating plastic deformation mechanism and dislocation sources are known a priori.
On the other hand, atomistic simulation methods, such as molecular dynamics (MD), do not rely on any a priori assumption regarding the plasticity mechanisms and are thus desirable in exploring deformed pillars. However, MD simulations of submicro-/micropillars are exceedingly expensive-to the author's best knowledge, the largest atomistic pillar models to date contained about 45 million atoms (Gu et al., 2012; Xu et al., 2017a,b) , with the maximum D = 70 nm (i.e., in the nanopillar regime). Therefore, in this paper, a coarse-grained atomistic approach named the concurrent atomistic-continuum (CAC) method (Chen, 2009; Xiong et al., 2011; Xu et al., 2015) is employed to explore the plastic deformation of nano-/submicron-sized metallic pillars. As a concurrent partitioned-domain multiscale modeling technique, the CAC simulation scheme usually partitions the whole problem into two domains: an atomistic domain and a coarse-grained domain . Unlike most concurrent multiscale materials modeling approaches in the literature [e.g., the quasicontinuum method (Marian and Knap, 2007) ], CAC admits a two-way exchange of dislocations between atomistic and coarse-grained domains without adopting adaptive mesh refinement, enabled by the usage of discontinuous finite elements in the latter domain and with the interatomic potential as the only constitutive rule (Xu et al., 2018c) .
The theoretical foundation of the CAC method is the atomistic field theory (AFT) (Chen, 2009; Chen and Lee, 2005) , which views a crystalline material as a continuous collection of material points (unit cells), within each of which are discrete atoms possessing internal degrees of freedom. With a unified atomistic-continuum integral formulation in both atomistic and coarse-grained domains, AFT employs the interatomic potential as the only constitutive rule. Previously, simulations based on AFT were carried out to investigate deformation of nanopillars with D < 10 nm in diamond (Xiong and Chen, 2009a; Xiong et al., 2007) , 3C-SiC (Xiong et al., 2007) , and MgO (Xiong and Chen, 2009b; Xiong et al., 2008) , predicting similar stress-strain curves as MD. However, in all those studies, continuous finite elements were employed in the coarse-grained domain so that only phase transformation, but not dislocation slip or twinning, was reproduced. In this paper, the same problem, (i.e., deformation of pillars) is revisited using CAC simulations equipped with discontinuous finite elements that have the capability to accommodate dislocations besides phase transformation. To showcase the advantage of CAC in extending the accessible length scales, the current work explores nano-/submicropillars with D ranging from 27.35 to 165.34 nm in BCC tungsten (W).
Although CAC has been employed to pursue a series of dislocation-mediated nano-/microscale mechanical problems in FCC metals Xiong et al., 2015 Xiong et al., , 2016 Xu et al., 2016a Xu et al., ,b,c,d, 2017c , modeling of dislocations in BCC systems using CAC was not conducted because it was believed that dislocation core structures in BCC materials are nonplanar (Ito and Vitek, 2001; Vitek et al., 1970) and would not be accurately captured by the coarse-grained atomistic descriptions in CAC. However, recent density functional theory calculations confirmed that dislocations in most BCC transition metals have a compact nondegenerate core structure (Weinberger et al., 2013b) ; accordingly, new interatomic potentials have been developed and validated for relevant dislocation cores (Bonny et al., 2014) . On the basis of this new knowledge, CAC is expected to well describe the dislocation cores in BCC metals as long as suitable potentials are employed (Chavoshi et al., 2017; Xu and Su, 2018; Xu et al., 2018d) . Hence, an attempt is made in this paper to quantify the dislocation-related properties and explore plastic deformation of pillars in a BCC lattice via CAC simulations.
MATERIALS AND METHODS
Taper-free single crystalline cylindrical pillars are cut from rectangular prisms with x[100], y[010], and z[001] crystallographic orientations. The central axis of the pillar is along the z direction, with a fixed height-to-diameter aspect ratio of 3 following Gu et al. (2012) while the diameter D is varied from 27.35 to 165.34 nm. Three-dimensional rhombohedral finite elements with faces on {110} planes in W are employed. A uniform element size of 2197 atoms per element is chosen, with all simulation cell boundaries assumed to be traction-free. Two models, shown in Fig. 1 , are considered: (i) in Model-A, fully coarse-grained models are used with jagged boundaries as a result of the peculiar shape of the rhombohedral elements-accordingly, the pillars have elemental scale surface roughness; and (ii) in Model-B, the jagged boundaries in Model-A are "filled in" by atoms, resulting in pillars with atomic-scale surface roughness. In other words, only a coarse-grained domain is employed in Model-A; whereas, both coarse-grained and Once the initial models are built, dynamic relaxation with a zero stress tensor and at 10 K is conducted under a NPT ensemble for 50 ps, before the pillars are energy minimized using the conjugate gradient algorithm . It follows that homogeneous compressive engineering strain with a constant rate of 10 9 s −1 and time step of 5 fs is applied along the axial z direction. All CAC simulations are carried out using PyCAC (Xu, 2017; Xu et al., 2018b) . Atomistic structures are visualized in OVITO (Stukowski, 2010) with lattice defects identified by the centrosymmetry parameter (CSP) (Kelchner et al., 1998) .
MODEL VALIDATION
First, following Xu et al. (2015) , the newly developed finite element shown in Fig. 1(c) is validated in terms of the interatomic force/energy and generalized stacking fault energy (GSFE). Although {111} planes are the primary slip planes in FCC crystals, dislocations in BCC systems can glide on {110}, {112}, and {123} planes (Weinberger et al., 2013a) . However, specifically for W, only dislocation slip on {110} planes was observed in uniaxially deformed 112 -oriented nanopillars/tubes in MD simulations (Xu and Chavoshi, 2018; Xu et al., 2017a Xu et al., , 2018a using the same EAM potential (Marinica et al., 2013) , plausibly due to the lowest stacking fault energy on {110} planes among all three sets of likely slip planes. The kink pair theory proposed by Butt (2007) also predicts that the primary slip planes at relatively low temperatures (< 220 K) are {110} planes. On the other hand, the second nearest-neighbor (2NN) element, whose integration points are within 2NN distance from the element surface , provides a reasonable approximation for interatomic force/energy and the GSFE on a {110} plane along a 111 direction in W, as shown in Fig. 2 .
In addition, the kink-pair formation during motion of screw dislocations in BCC lattices (Narayanan et al., 2014 ) is naturally accommodated between discontinuous elements in a way similar to the intrinsic stacking fault in FCC systems. Note that while the coarse-grained domain in CAC does not naively permit extrinsic stacking faults and twins (Xu et al., 2017e) , no twining was reported in uniaxial compression of 100 -oriented W submicropillars (Kim et al., 2010) and micropillars (Schneider et al., 2009b (Schneider et al., , 2011 in experiments. Wang et al. (2015) found that the plasticity of a 100 -oriented nanopillar is dominated by twinning under tensile deformation, but the case under compressive deformation remained experimentally unexplored, to the best of the author's knowledge. Thus, equivalent MD simulations are conducted using LAMMPS (Plimpton, 1995) for the nanopillars with D = 27.35 nm. Figure 3 shows that CAC and MD simulations predict similar stress-strain responses for both models, with CAC having larger amplitudes of postyielding discrete strain bursts than MD, as a result of the linear shape functions employed in the coarse-grained domain in CAC (Xiong et al., 2011) . Only dislocations on {110} planes, but no twinning, are observed in MD simulations. Therefore, it is anticipated that the finite element illustrated in Fig. 1(c) can reasonably well replicate essential aspects of dislocation-mediated plastic deformation in W nano-/submicropillars.
RESULTS AND DISCUSSION
In both models, upon yielding, dislocations are nucleated from the free surfaces near the ends of the pillars, as shown in Fig. 4 . For the same pillar diameter D, Model-A has a much lower yield stress than Model-B, due to the larger surface roughness and accompanying higher local stress concentration in the former. At larger strains, dislocations start to nucleate from the free surfaces away from the ends of the pillars and glide on {110} planes. Dislocation (Kelchner et al., 1998) between 0 and 2; those with a CSP smaller than 0.05 are deleted. In the last snapshot of each row, only surface morphology is shown avalanches are observed in Model-B but not in Model-A, as a result of the much higher stress level in the former. At the largest strain of 0.2, pronounced localized bulging is observed at both ends of the pillars in Model-B; however, the pillars approximately maintain their original surface morphology in Model-A, indicating that the larger surface roughness leads to more resilient pillar structures under compression. Stress-strain curves for the two models with varying pillar diameter D are plotted in Fig. 5 . The yield stresses σ Y , taken at the initiation of dislocations, are summarized in Fig. 6 . Since previous experiments have identified that the pillar strength scales with the diameter in a power law fashion (Greer and De Hosson, 2011) , a simple equation is fit to σ Y , i.e.,
where σ 0 , k, and n are parameters to be fit. It is found that n is 0.96 and −1.48 for Model-A and Model-B, respectively. In other words, σ Y increases with D nearly linearly for Model-A while decreases with D exponentially for Model-B. The differences in n between the two models are results of their different deformation mechanisms. In Model-A, the yielding is controlled by dislocation nucleation from the sharp edges/corners formed by jagged elements at the free surfaces at relatively low compressive stress levels, a highly localized phenomenon having little size dependence; and in Model-B, the yielding is exhibited by rapid dislocation avalanches nucleated from the pillar surfaces at relatively high stress levels, which promotes the formation of dislocation junctions and single-arm Frank-Read sources that are more difficult to activate in smaller pillars (Brinckmann et al., 2008) . Note that the two fit curves in Fig. 6 are extrapolated to intersect at D ≈ 340 nm, for which the surface roughness, 0.006D, is negligible. In experimentally compressed 100 -oriented submicron W pillars having small surface roughness, i.e., more like Model-B than Model-A, (i) localized bulging at the apex of the pillars was reported, as a result of a more avalanche dominated behavior caused by the activation of only a few slip systems, and (ii) the power law slope n of the flow stress is −0.44 (Kim et al., 2010 ) or −0.33 (Torrents Abad et al., 2016 at room temperature. Although there are no experimental data in the literature with which the pillars considered here can be directly compared, the power law scaling identified in this work qualitatively agrees with that found by experiments. Note that in experiments, a higher loading rate increases the flow stress and the power law slope (Schneider et al., 2009a) . Thus, the higher n predicted in this work for Model-B may be attributed in part to the much higher strain rates (10 9 s −1 ) employed in CAC simulations compared to those (10 −7 to 10 −1 s −1 ) in experiments.
CONCLUSIONS
In this work, large-scale CAC simulations are conducted to investigate plastic deformation of nano-/submicron-sized W pillars under compression. The pillar diameter D varies from 27.35 to 165.34 nm. Two models are considered: Model-A is fully coarse-grained with large surface roughness, and Model-B is partly coarse-grained and partly atomistic with smooth surfaces. For pillars with small D, CAC simulation results are benchmarked against MD for validation. It is found that (i) for the same D, Model-A has a much lower yield stress than Model-B, and (ii) the yield stress scales with D nearly linearly for Model-A but exponentially for Model-B, the latter of which agrees with experiments. The differences between the two models are attributed to their different plastic deformation mechanisms, i.e., localized dislocation nucleation at a low stress level in Model-A and dislocation avalanches at a high stress level in Model-B. As the first attempt to simulate BCC systems using the CAC method, this work highlights the significance of the surface roughness in uniaxial deformation of nano-/submicropillars in BCC W. Future work will consider the effects of taper (Fei et al., 2012) , the height-to-diameter aspect ratio (Milne et al., 2011) , and the finite element shape (Xu, 2016) . Work is also underway to implement new finite elements for more complex systems with hexagonal close-packed and diamond cubic crystal structures into PyCAC.
